Zn g\m=-\1. In zinc-deficient rams, the tubule development was further retarded and the interstitial regions were more extensive than in the other groups. We conclude that the overall effect of zinc deficiency on testicular development is due to a combination of a non-specific effect (low gonadotrophin concentrations caused by the low feed intake) and a specific effect due to the lack of zinc. The zinc-specific effect is localized within the testis where it reduces the development of the capacity to produce testosterone, leading to low intratesticular concentrations of testosterone, a critical factor for the growth, development and function of the seminiferous tubules.
Introduction
Zinc is an essential trace element and many physiological processes are impaired if it is not supplied in sufficient quantities in the diet. Underwood and Somers (1969) suggested that there may be two degrees of zinc deficiency in growing rams: 'severe' deficiency (less than 5 µg g_I in the diet), which induces skin lesions (parakeratosis), low growth rates and poor testicular development; and 'mild' deficiency (5-17 µg g_1), where there are no clinical signs and body growth is normal, but testicular development and sperm production are markedly reduced. This type of 'sub-clinical' deficiency might explain the poor reproductive performance of sheep grazing zinc-deficient pastures (Masters and Fels, 1980; Masters and Somers, 1980) . These observations led us to examine the hormonal systems controlling testicular growth in rams fed diets containing 4-27 µg Zn g " 1 (Martin and White, 1992 (Root et al, 1979; McCIain et al, 1984; Prasad, 1985) . Zinc deficiency may lead to a biochemical lesion in the pathways controlling steroid synthesis, as suggested by Lei et al (1976) , impaired development of the smooth endoplasmic reticulum in the Leydig cells, the site of testosterone synthesis (Hesketh, 1982) , or a malfunction in the LH receptor mechanism controlling storage and release of testosterone, as suggested by Kellokumpu and Rajaniemi (1981) . A third possibility is raised by the structural nature of steroid receptors, where zinc is an integral component of the structure that binds to DNA and regulates gene expression (the 'zinc finger' proteins; Parker, 1989) . Poor (Kerr et al, 1992) .
In this report, we describe the second part of our study with pubertal rams fed diets containing a range of zinc concen¬ trations, in which we have detailed the effects of zinc deficiency on testicular growth, histology and hormone production. A preliminary report to this work was presented by Martin and White (1989) .
Materials and Methods

Animals and treatments
The animals and preparation and analysis of the diets have been described in detail by Martin and White (1992) The GnRH-induced LH pulses were larger than endogenous pulses (Martin and White, 1992) Martin et al (1987) , with the following modifications: the ether extracts of two 100 µ aliquots of plasma were dried and redissolved overnight at 4°C in 100 µ of assay buffer contain¬ ing the labelled hormone. The antiserum (200 µ ) was then added and the mixture incubated overnight at 4°C again, before being treated with 0.4 ml of dextran-coated charcoal. After 15 min, the tubes were centrifuged at 1600 g for 10 min and 0.5 ml of the supernatant was mixed with 5 ml of scintillant and counted. The anti-testosterone serum (no. 457) had been raised against testosterone-3-carboxy-methyl-oxime BSA in sheep, and displayed only a few significant crossreactions: 5a-dihydrotestosterone, 98%; 4-androsten-3ß,17ß-diol, 47%; 4-androsten-3,17-dione, 4.7%; 4-androsten-17,19-diol-3-one, 3.6%; and androsterone, 1.0% (R. I. Cox, personal com¬ munication). The limit of detection was 0.42 ± 0.07 nmol 1~.
The non-specific binding was 2.2 ± 0.13%. Included in each assay were six replicates of three pooled plasma samples containing 5.24, 6.93 and 13.3 nmol I-. They were used to estimate the coefficients of variation within assays (14.0 ± 1.9%, 6.5 ± 0.6% and 12.1 ± 1.7%, respectively) and between assays (18.5%, 9.0% and 10.2%, respectively). (Weibel, 1979) . The quantitative methodology for this study was based on the stereological principles and techniques described by Weibel and Gomez (1962 (Fig. la, b) (Fig. 2a, d ). The only exception was the deficient group, which produced less testosterone than did any of the other groups, including the pair-fed controls (Fig. 2c, d ). There were no differences between any of the groups fed 10-27 µg Zn g~1 in either the patterns of testosterone concentration or the amount of testosterone released (Fig. 2b, d ). Induction by endogenous LH pulses. Pulses of testosterone followed each pulse of LH (Fig. 3) (Fig. 4) . In the groups fed 10-27 µg Zn g"1 ad libitum, there was a substantial increase in the amount of testosterone produced by each LH pulse as the experiment progressed. Of particular interest is the fact that, at the end of the experiment (day 92), the pair-fed controls, in which there was little testicular growth, produced an amount of testoster¬ one per pulse that was similar to the ad libitum controls. This result contrasted with the deficient group, in which there was no significant change as the experiment progressed (Figs 3, 4) . 
Testicular morphometry and histology
In the testicular tissue, the pair-fed control rams showed less tubule growth and lumen development than did the ad libitum controls (Fig. 6) ; the controls were similar to the animals fed 10 or 17 µg Zn g_I. In the deficient rams, the poor tubule development was even more evident and the interstitial regions appeared to be more extensive than in the other groups (Fig. 6) . These observations were supported by the morphometric analysis: among the rams fed 10-27 µg Zn g~1 ad libitum, there were no significant differences in any of the variables measured (Fig. 7) . Compared with the ad libitum controls, the pair-fed controls had tubules with a smaller overall diameter and a smaller lumen, but similar amounts of epithelial and interstitial tissue (Fig. 7) . Compared with the pair-fed controls, the zinc-deficient animals had even smaller tubules, little or no lumen, and a larger proportion of interstitial tissue.
There was no effect of treatment on the height of the epithelium of the seminiferous tubules. (Root et al, 1979; McCIain et al, 1984; Prasad, 1985) . This effect could be due to a malfunction in the LH receptor mechanism controlling storage and release of testosterone (Kellokumpu and Rajaniemi, 1981) , a lesion in the biochemical systems controlling steroid synthesis (Prasad, 1985) , or dam¬ age to the smooth endoplasmic reticulum of the Leydig cells, where testosterone is synthesized (Hesketh, 1982 (Parker, 1989) Underwood and Somers (1969) that young rams require a higher concen¬ tration of zinc in the diet for testicular growth than for the growth of other body tissues. However, we observed maxi¬ mum body growth at 27 µg Zn g"1 (Martin and White, 1992) and maximum testicular growth at 17 µg Zn g~\ an observation that is consistent with the value of 22 µg g~1
proposed by Hatch et al (1987) but not the value of 32 µg g_I proposed by Underwood and Somers (1969) .
In conclusion, the reduction of testicular growth and retardation of tubule development caused by zinc deficiency is due to the combined effects of a specific response (caused by the loss of zinc) and a non-specific response (inhibition of gonadotrophin secretion caused by the loss of appetite). Since gonadotrophin secretion is not directly affected by zinc de¬ ficiency, the zinc-specific effect appears to be localized within the testis where it prevents full development of the capacity to produce testosterone, probably through a biochemical disrup¬ tion of Leydig cell function. This leads to low intratesticular concentrations of testosterone. Thus, the poor development of seminiferous tubules in the zinc-deficient animals was probably caused by the combined effects of low plasma concentrations of FSH (Martin and White, 1992) and low intratesticular concen¬ trations of testosterone, as both of these factors are critical for tubular growth, development and function (Kerr et al, 1992) . In the pair-fed controls, however, FSH concentrations were low, but tubule development was less severely retarded because intratesticular testosterone concentrations were normal. A fall in plasma concentrations of inhibin seems to be associated with puberty; the maintenance of inhibin concentration in the zinc-deficient rams may therefore be a side-effect associated with the failure of tubule development and it may indicate a role for zinc in this process.
